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Native and oxidized low density lipoproteins modulate mesangial cell
apoptosis. Hyperlipidemia has been demonstrated to contribute to hyper-
cellularity of the mesangium in experimental animal models of glomeru-
loscierosis. We studied whether it also has the potential to convert a
hypercellular mesangium into a hypocellular one by inducing mesangial
cell (MC) apoptosis. Low density lipoprotein (LDL) enhanced (P < 0.001)
mouse mesangial cell (MMC) proliferation at lower concentrations (con-
trol, 10.3 0.3 vs. LDL 100 j.rg/ml, 24.2 0.3 X io cells/mi) hut
augmented (P < 0.001) apoptosis at higher concentrations (control, 5.6
0.5% vs. LDL, 500 jig/mI 26.2 3.4% apoptotic cells/field). Oxidized
(OX) LDL enhanced MMC apoptosis in concentrations of 50 to 200 jrg/dl.
There was a direct relationship between MMC apoptosis and oxidation of
LDL as judged by measuring thiobarbituric acid reactive species
(TBARS). Since superoxide dismutase (SOD) attenuated (P < 0.001)
LDL-induced MMC apoptosis, it seems to he mediated through the
generation of free radicals by mesangial cells (control, 4.3 1.5%; LDL,
200 jig/mI, 19.4 0.5%; LDL + SOD, 8.1 1.3% apoptotic cells/field).
LDL also induced a similar effect on human mesangial cells. These studies
were further confirmed by DNA fragment assays and ELISA for pro-
grammed cell death. LDL treated cells also showed enhanced mRNA
expression for RSG-2, a marker for active cell death. These in vitro results
provide a basis for the speculation that LDL has the potential to cause an
initial hypercellular and subsequent hypocellular mesangium in the course
of the development of glomeruloscierosis.
Hyperlipidemia has been demonstrated to be an important
determinant in the progression of renal injury [1—31. Dietary
supplementation accelerated and lipid lowering therapies attenu-
ated glomerular injury in models of glomerulosclerosis [4—81. In
in vivo experiments, expansion of the mesangium preceded the
development of lipid-induced glomeruloselerosis. In these in-
stances expansion of the mesangium occurred as a result of
increased mesangial cell proliferation and enhanced accumulation
of mesangial matrix [121. However, reduction of lipid levels in
these models caused an attenuation of mesangial cell (MC)
proliferation and a reduction in the accumulation of matrix
[9—14].
In the recent past various investigators including us, studied the
effect of low density lipoproteins (LDL) on mesangial cell func-
tion [10, ii, 15. LDL enhanced the proliferation of cultured
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mesangial cells [12, 16, 7I This effect on mesangial cells was
uniform at low concentrations but at high concentrations the
effect was not consistent (MC suppression in some and prolifer-
ation in others) [17]. The exact cause of the attenuation of
mesangial cell proliferation has not been delineated in these
studies [17]. Since stimuli for proliferation as well as apoptosis are
at times similar, we asked whether the divergent action of LDL on
mesangial cell proliferation may be a result of mesangial cell
apoptosis. Therefore, we investigated the effect of LDL and
oxidized LDL on mesangial cell apoptosis in both cultured mouse
mesangial cells and human mesangial cells.
Methods
Mesangial cell culture
Mouse mesangial cells (MMC) transformed with non replicat-
ing, non-capsid forming SV-40 virus (strain RH 911) were pro-
vided by Dr. E. Neilson (University of Pennsylvania, Philadelphia,
PA, USA). Cells were maintained in culture in Dulbecco's
Modified Eagle media (DMEM) ordered from GIBCO BRL
(Grand Island, NY, USA) with 5% fetal calf serum (FCS)
(GIBCO), penicillin 50 U/mI (GIBCO) and streptomycin 50
JLg/ml (GIBCO) in a 95% air and 5% CO2 environment at 37°C.
Cultured human mesangial cells (HMC) were obtained from
Clonetics (San Diego, CA, USA). Characteristics of MMC and
HMC were evaluated in our laboratory before their use in various
experimental protocols [18, 191.
Source of reagents
Fresh human LDL was used in variable concentrations of 10 jig
to 1000 j.rg/ml [20]. The protein content was 5.3 mg/mI as
estimated by BioRad method [21]. This preparation was free from
contamination by other classes of lipoprotein as determined by
electrophoretic mobility and has a negligible amount of thiobar-
bituric acid reactive species (TBARS). To prepare oxidized LDL
(OX-LDL), EDTA and BHT were dialyzed out. OX-LDL was
prepared by suspending native LDL with freshly prepared 10 jiM
copper sulphate (Mallinckrodt, St. Louis, MO, USA) in 0.15 M
sodium chloride, incubated for 24 hours at 37°C and then dialyzed
against 0.01 M phosphate—0.15 M NaCl buffer (pH 7.4) at 4°C [171.
A TBARS assay was used to estimate malondialdehyde content
[22]. Acridine orange was used in a concentration of 10 jig/mI
(Sigma Chemical Co., St. Louis, MO, USA). Superoxide dis-
mutase (SOD) was used in a concentration of 50 jig/mI (Sigma).
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Cell viability studies
The effect of LDL and OX-LDL on cell viability was tested by
staining thc cells with trypan blue (Sigma). Briefly, to quantitate
the percentage of viable cells, equal numbers (10,000 cells!ml) of
MMC were plated in 24-well plates. Subconfluent cells were
washed with PBS and incubated in medium (DMEM + 1% FCS)
containing either LDL (500 j.Lg/ml) or OX-LDL (200, 500 jig/ml)
for 12, 24 or 48 hours. After each incubation, cells were washed
with phosphate buffered saline (PBS) and stained with Trypan
blue. Ten random fields were counted. Percentage of live cells was
calculated by dividing the number of unstained cells by the total
number of cells per field. Six sets of experiments were performed.
Cell proliferation studies
Equal numbers (10,000 cells/mI) of MMC were plated in
24-well plates and grown to semiconfluence. Cells were washed
with phosphate buffered saline (PBS) and growth arrested (incu-
bated in serum-free media containing DMEM + 0.5% bovine
serum albumin and 1% insulin, selenium and transferrin) for 72
hours. Cells were washed again with PBS and incubated with I ml
of media (DMEM + 1% FCS) containing either vehicle (control)
or LDL (30 to 1000 Lg/ml) or OX-LDL (10 to 100 sgIml) for 48
hours at 37°C. At the end of the incubation, cells were trypsinized
and counted on a hemocytometer. Four sets of experiments were
carried out, each in triplicate.
Apoptosis studies
Morphologic evaluation of MC apoptosis was performed by
staining cells with acridine orange (Sigma) [23]. Briefly, equal
numbers of MMC (10,000 cells/mI) were plated in 24-well plates.
Once attached, cells were washed with PBS and incubated in
media (DMEM + 1% FCS) containing either LDL (30 to 500
ig/ml) or OX-LDL (10 to 100 rg/ml) for 48 hours at 37°C. Six sets
of experiments were performed.
Since MC in culture have been demonstrated to oxidize LDL
we studied whether LDL in high concentrations may be inducing
apoptosis as a result of LDL oxidation. Subeonfluent MMC were
incubated in media (DMEM + 1% FCS) containing either media
alone (control), LDL (200 /kg/ml), SOD (50 jig/mI), LDL + SOD
(50 j.Lg/ml), or LDL + DMTU (10 mM) for 48 hours. Three sets of
experiments were performed.
Some of the properties of mesangial cells are species specific.
To determine whether LDL also exerts a similar effect on human
mesangial cells (HMC), equal numbers of suhconfluent HMC
were incubated in media (DMEM + 1% FCS) containing either
vehicle (control), LDL (400 jig/mI), LDL + SOD (50 j.rg/ml), or
LDL + DMTU (10 mM) for 48 hours. Six sets of experiments were
carried out.
At the end of the scheduled incubation, 10 jig/mI of acridine
orange was added to the incubation media for one hour at 37°C.
At the end of the incubation cells were washed and examined
under an inverted microscope using ultraviolet light. Five random
fields were counted in each well and percentage of apoptotic cells
was calculated for each field.
TBARS assay versus cell proliferation and apoptosis
Mesangial cells have been reported to oxidize native LDL in in
vitro studies [171. We wanted to know whether oxidation of LDL
is related to the degree of mesangial cell apoptosis. In brief, equal
number of cells were incubated with LDL (100 to 1500 jig/mI) for
24 hours. in parallel experiments, we incubated LDL (100 to 1500
jig/ml) in media alone (without cells) under identical conditions.
After 24 hours, supernatants were collected and a TBARS assay
was performed [22]. In addition, we incubated LDL (100 jig/ml) in
media alone for 0 hours and collected the supernatant. One ml of
30% trichloroacetic acid was added to 100 pi of incubation media
containing 100 to 1500 jig/mI LDL. This was followed by the
addition of I ml of 1 % thiobarbituric acid and incubated for 45
minutes at 90°C. After cooling, samples were centrifuged at
1000 X g for 20 minutes at 20°C. The absorbance of the
supernatant was read at 532 nm in a Beckman spectrophotometer.
Results were calculated as malondialdehyde (MDA) equivalents
in nM/mi. Simultaneously, cells in the respective wells were
trypsinized and counted on a hemocytometer or stained with
acridine orange and counted under ultraviolet light with an
inverted fluorescent microscope.
DNA fragmentation assay
To confirm the effect of LDL on MC apoptosis, DNA fragmen-
tation was also quantified by [3H] thymidine release [24]. Equal
numbers of subconfluent MMC were pulsed with 1 jiCi/mI [3H]
thymidine for 24 hours at 37°C. Subsequently, cells were washed
five times with PBS and left on ice for one hour. Cells were
incubated in media containing buffer (control) or LDL (400
jig/ml) or OX-LDL (100 jLg/ml) for a period of 6, 12 or 24 hours.
At the end of each incubation, the incubation media were
collected and the cells were lysed in 1 ml of 30 m sodium acetate,
pH 6.6. The lysates were centrifuged at 15,000 X g for 30 minutes
to separate intact chromatin (pellet) from fragmented DNA
(supernatant). Radioactivity in 200 jil of incubation media, super-
natant and pellet was measured. Specific DNA fragmentation was
calculated from:
specific DNA fragments = 100 X cpmg/cpmt0ti
where cpmfrag = cmp in incubation media + cpm in supernatant
epm10151 = epmfrags + epm in the pellet
ELISA for detection of mono- and oligonucleosomes
We also used an alternative method to confirm the effect of
LDL on mesangial cell apoptosis. In this method mono- and
oligonucleosomes were measured using an ELISA kit (Boehringer
Mannheim). The assay is based on the quantitative sandwich-
enzyme-immunoassay principle using mouse monoclonal antibod-
ies directed against DNA and histones, respectively. In brief,
equal numbers of MC were plated on 24-well plates. Once
attached, cells were incubated with vehicle (control) or LDL (100,
200 and 400 jig/ml) in DMEM + 1% FCS for 24 hours. At the end
of the incubation, cells were lysed with ELISA buffer. The lysates
were centrifuged, the supernatants were collected, aliquoted and
frozen at —20°C. ELISA plates were coated with antihistone
antibodies and incubated for one hour at room temperature.
Recoating was done with 200 pA of incubation buffer for 30
minutes. Wells were washed thoroughly and to each well, 100 pA
of sample was added and kept for 90 minutes. Subsequently, wells
were washed and incubated with anti-DNA-peroxidase for 90
minutes. Wells were washed again and 100 pA of ELISA substrate
solution was added to each well. The plate was read at 405 nm and
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Table 1. Effect of OX-LDL and LDL on viability of mesangial cells
OX-LDL p.g/ml LDL pg/mi
Control 50 100 200 500 100 200 500
12 hours 99.1 0.2 95.1 0.7 90.8 1.1' 83.5 1.6CC 61.2 2.6" 98.0 0.6 94.8 0.8 93.8 0.6
24 hours 97.2 0.1 93.2 0.6 86.4 15d 79.6 0.7c 27.9 4.0k 95.5 0.4 91.8 0.6 87.4 1.0
48 hours 96.8 0.2 90.0 07h 83.8 08g 79.0 O.8 21.3 2.7e 94.6 0.4 91.0 0.6" 87.0 0.9''
Equal number of subconfluent mesangial cells were treated either with buffer (control), OX-LDL (50, 100, 200, and 500 pg/mI) or LDL (100, 200 and
500 pg/mI) for 12, 24 or 48 hours. After respective incubation, cells were stained with trypan blue. Ten random fields were counted and percentage of
live cells was calculated. Results (means SEM) are from six sets of experiments each carried out in triplicate.
P < 0.05 compared with LDL, 100 pg/mI
"P < 0.001 compared with respective control and OX-LDL, 50—200 rWml
P < 0.001 compared with respective control and OX-LDL, 50 pg/mI
d P < 0.01 compared with control
P < 0.001 compared with control and OX-LDL, 50—200 /Lg/ml
fp < 0.001 compared with respective control and LDL, 100 pg/mI
sp < 0.001 compared with respective control
"P < 0.05 compared with respective control
P < 0.05 compared with respective control and LDL, 100 pg/mI
P < 0.001 compared with respective control
"P < 0.05 compared with respective control
'P < 0.01 compared with respective LDL, 100 jig/mI
"'P < t).001 compared with respective control and OX-LDL, 50—200 jig/mI
"p < 0.01 compared with respective control and OX-LDL, 50 jig/mI
=:[fljj
CON LDL LDL LDL LDL LDL
30 50 100 500 1000
ig/ml
Fig. 1. Dose response effect of LDL on mesangial cell proliferation. Equal
numbers of growth arrested subconfluent mesangial cells were incubated
in medium containing either buffer (control) or variable concentrations of
LDL (30 to 1000 jgIml) for 48 hours. At the end of the incubation period,
cells were trypsinized and counted in a hemocytometer. Results (means
suM) are from four sets of experiments each carried out in triplicate. *P <
0.001, ""P < 0.01, and """P < 0.05 compared with control. p < 0.001
compared with LDL, 30 jig/mI. hp < 0.01 compared with LDL, 30 jig/mI.
p < 0.001 compared with LDL, 50 and 100 jig/mI. dp < 0.05 compared
with LDL, 50 jig/mI.
490 nm on an MR 600 microplate reader (Dynatceh, VA, USA) to
obtain an ahsorbance ratio.
Detection of apoptosis using DNA end-labeling technique
We used a simple and far more sensitive method for detection
of apoptosis. Briefly, subconflucnt MMCs were incubated in
media (DMEM + 1% FCS) containing either media alone
(control), LDL (200 jig/mI) or OX-LDL (100 jig/mI) for 24 hours
at 37°C. To have a positive control, cells were incubated in media
(DMEM + 1% FCS) contajnjne cvcloheximide (50 ii.M1 for three
*ad
25
20
15
x
1000
1D50
0
*
CON LDL LDL LDL LDL LDL
30 50 100 200 500
p.g/ml
Fig. 2. Equal number of subconfluent mesangial cells were incubated in
medium containing either buffer (control) or variable concentrations of LDL
(30 to 500 jig/mI) for 48 hours. At the end of the incubation, cells were
stained with acridine orange, fixed and the mean percentage of apoptotic
cells was calculated. Results (means SEM) are from four sets of
experiments. "P < 0.001 compared with control and LDL, 30 to 200 jig/mI.
""P <0.01 compared with control and LDL, 30 and 50 jig/mI. """P <0.05
compared with LDL, 100 jig/mI.
hours. At the end of the incubation, cells were scraped and
centrifuged at 800 rpm for 10 minutes at room temperature. The
supernatant was discarded, the pellet resuspended in DNA lysis
buffer (10 mm Tris pH 7.4, 1.5 mm EDTA pH 8.0 and 1% SDS)
and incubated with 5 jil/mI proteinase K (Promcga, Madison, WI,
USA) overnight at 37°C. The DNA was extracted twice with
phenol: chloroform (1:1) and twice with chloroform: isoamyl
alcohol (24:1). DNA was precipitated overnight at —20°C. The
samples were centrifuged and the pellet was dried and the pellet
was resuspended in TE buffer (10 mvi Tris and 1 mr's EDTA). Five
jigs of isolated DNA was end labeled with 5 U Kienow polymer-
,q," (Prnni,m,,\ ,n tha. .-J 10 F.... (...L1 I \
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Fig. 3. Subconfluent mesangial cells were incubated in media (DMEM + 1% FCS) containing either buffer (control) or LDL (200 pg/mI) for 24 hours. At
the end of the incubation period cells were stained with acridine orange, fixed and viewed under ultraviolet light. A. Control cells. B. Cells treated with
LDL. Arrows indicate apoptotic cells containing fragmented nuclei (magnification X150).
MgSO4, 7H20, and I d of 32P ICTP (DuPont NEN, Boston, MA, containing 10 ig/ml of ethidium bromide. the radiolabeled frag-
USA) for 10 minutes at room temperature. The end labeled DNA ments were visualized by exposure to Kodak X-Ray film at —70°C
was electrophoresed on a 1.8% agarose gel in 0.5x TE buffer for six hours.
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Mesangial RNA extraction arid identifIcation of RSG-2
Recently, mRNA expression for RSG-2 or cathcpsin B was
shown to be an important marker of apoptosis [251. Northern blot
analysis of mRNA for RSG-2 was performed on control and LDL
treated MCs. In brief, subconfiuent mcsangial cells were incu-
bated in medium (RPM! + 1% FCS) containing either vehicle or
LDL (200 pg/mI) for 24 hoors. At the end of the incubation
period, cells were washed twice with PBS. Total RNA was
extracted from lysates of confluent MCs by the method of
Chomczynski and Sacchi [26]. Aliquots of total RNA were treated
with formamide and formaldehyde, electrophoresed in a 1.2%
agarose-formaldehyde gel, and transferred to HYBOND-N mem-
branes. RNA ladder was included and the gel was stained with
ethidium bromide to determine the size of RNA. eDNA probes
specific for RSG-2 (gift from Prof. Martin Tenniswood, Lake
Placid, NY, USA) was used for hybridization after [32P]dCTP
labeling by random-prime labeling. Filters were hybridized at
42°C for 16 hours with the labeled eDNA probe. The membranes
were washed to a final high stringency of 0.2 X SSC, 0.1% SDS for
I x 20 minutes at 65°C. After washing, the membranes were kept
in contact with XAR-5 film and intensifying screen at —70°C and
developed. The membranes were stripped to remove the hybrid-
ized probe and reprobed with GAPDH to ascertain that similar
amounts of RNA were applied to the gel. Densitometric analysis
of the ratio between RSG-2 and GAPDH expression was carried
out for control as well as LDL treated cells.
Statistical analysis
For comparison of mean values between two groups the
unpaired r-test was used. To compare values between multiple
groups, analysis of variance (ANOVA) was applied and a New-
man-Keuls multiple range test was used. All values are means
SE except where otherwise indicated. Statistical significance was
defined as P < 0.05.
Results
Effect of LDL and OX-LDL on viability of MN/C
The effect of LDL and OX-LDL on viability of MMC is shown
in Table 1. LDL enhanced mesangial ceO necrosis at a concentra-
tion of 500 pg/mI (Table I). On the contrary, OX-LDL increased
necrosis of MC at a concentration of 50 .tg/ml when incubated for
48 hours (Table 1). These results indicate that LDL at higher
concentrations and OX-LDL at lower concentrations are cyto-
toxic to niesangial cells.
Effect of LDL on MMC proliferation
The effect of LDL on MMC proliferation is shown in Figure 1.
LDL in concentrations of 30 to 100 ig/ml enhanced (P < 0.00!)
the proliferation of mesangial cells. However, LDL at higher
concentrations ( 500 p.gIml) attenuated the proliferation. These
results indicate that LDL has a biphasic effect on MC prolitera-
tion.
Effrct of DX-LDL on MMC proliferation
OX-LDL did not influence MMC proliferation at very low
concentrations (It) to 50 j.rg/ml). However, OX-LDL at 1(10 pg/mI
attenuated (P C t).t15) MC proliferation when compared to
control (OX-LDL, 7.7 1.4 vs. control, 10.9 1.4 >< i04 cells/mi).
Effect of LDL on MMC apoptosis
The effect of LDL on morphologic evaluation (acridine orange
staining) of MMC apoptosis is shown in Figure 2. LDL at
concentrations of 200 to 500 pg/mI enhanced MMC apoptosis.
This effect of LDL seems to have threshold at concentration of
200 pg/mi. Representative photographs of control and LDL
treated cells are shown in Figure 3.
Effect of free radical scavengers on LDL-induced MMC apoptosis
The effect of free radical scavengers on LDL-induced apoptosis
is shown in Table 2. SOD attenuated (P C 0.001) LDL-induced
MMC apoptosis. DMTU also mildly inhibited the effect of LDL
on mesangial cell apuptosis. These results indicate that free
radical generation by the mesangial cells may be contributing to
the LDL-induced apoptosis.
Effect of LDL on human mesangial cells
The effect of LDL on HMC apoptosis is shown in Table 3. LDL
enhanced (P < 0.001) apoptosis in HMC. Both SOD and DMTU
attenuated LDL-induced HMC apoptosis (LDL, I 9.t) 1.8%.
LDL + SOD. 6.7 1.4%, LDL + DMTU, 9.6 0.5% apoptotic
cells/field). These results suggest that the effect of LDL on MC is
not species specific.
Effect of DX-LDL on MMC apoptosis
Morphologic evaluation of the effect of OXWDL on MMC
apoptosis is shown in Figure 4. OX-LDL in concentrations of 100
to 20t) pg/mI enhanced MC apoptosis (control, 5.6 (1.5%;
OX-LDL, 100 pg/mI 16.6 0.7%; OX-LDL, 200 pg/mI 18.4
1.4% apuptotic cells/field). These results indicate that OX-LDL
induces MC apoptosis at half the concentration when compared
to LDL.
Effect of LDL and OX-LDL on mesangial cell DNA
fragmentation
DNA fragmentation is another method fur quantitative assess-
ment of apoptosis [24]. The effect of LDL and OX-LDL on
mesangial cell DNA fragmentation is shown in Table 4. Both LDL
(4I)t) j.tg/mI) and OX-LDL (100 pg/mI) enhanced MC apoptosis
when compared to control cells at 6 to 24 hours of incubation.
These results further confirm the effect of LDL and OX-LDL on
MC apoptosis.
Effect of LDL on mono- and oligonucleosome content of
mesangial cells
Measurement of mono- and oligonucleosomes by FL!SA has
been demonstrated to be a sensitive method for the assessment of
apoptosis. We therefore utilized this method to evaluate the effect
of LDL on MMC apoptosis. These results are shown in Table 5.
LDL in concentrations of 200 to 401) pg/mI enhanced mesangial
cell mono- and oligonueleosomc contents.
Relationship between increasing oxidation of LDL
and MMC apoptosis
There was no difference amongst MDA content of the super-
natants containing variable concentrations of LDL (media alone,
no cells) after the incubation for 24 hours (range, 0.015 to 0.018
nmol MDA/mI). There was no difference between MDA content
of LDL supernatants (in media alone, no cells) collected from 0
and 24 hours experiments (0 hr, 0.014 vs. 24 hr, 0.015 nmol
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Table 2. Effect of free radical scavengers on LDL-induced mesangial
cell apoptosis
LDL+ LDL+
Control LDL SOD DMTU
% Apoptotic cells 4.3 1.5 19.4 0.5 8.1" 1.3 12.6"±l.l
Equal numbers of subconfluent mesangial cells were incubated with
LDL (200 jig/mI) containing either buffer (control), SOD (50 jLgJml), or
DMTU (10 m) for 48 hours. At the end of the incubation cells were
stained with acridine orange, fixed and percentage of apoptotic cells
counted. Three sets of experiments were performed.
P < 0.001 compared with LDL
P < 0.05 compared with LDL
%Apoptotic 3.0 1.0 4.5 1.2 19.0" 1.8 fl7C 1.4 9.6hc ÷0.5
cells
Equal numbers of human mesangial cells were incubated in media
(DMEM + 1% FCS) containing either buffer (control), LDL (40 j.Lg/ml),
LDL + SOD (50 jig/mI), or LDL + DMTU (10 mM) for 48 hours. At the
end of the incubation cells wre stained with acridine orange, fixed and
percentage of apoptotie cells were counted. Six sets of experiments were
performed.
P < 0.001 compared with control
"P < 0.05 compared with control
P < 0.001 compared with LDL
* ***
nih
ftg/mI
Fig. 4. Subconfluent mesangial cells were incubated in medium containing
either huJJr (control) or variable concentralions of oxidized LDL (30 to 200
jig/mi) for 48 hours. At the end of the incubation cells were stained with
acridine orange, fixed and the mean percentage of apoptotic cell counted.
Results (means SEM) are from four sets of experiments. *p < 0.001
compared with control and OX-LDL, 30 jig/mI. * *J) < 0.01 compared with
OX-LDL, 50 jig/mI. ***p < 0.05 compared with OX-LDL 50 jig/mI.
Table 4. Effect of LDL and Ox-LDL on mesangial cell DNA fragment
release (%)
Control LDL (400 jig/mI) OX-LDL (100 jig/mI)
6 hours 26.9 1.6 53.6 2.3 53.8 0.5a
12 hours 28.0 2.1 60.8 3.3" 51.5 1.4"
24 hours 26.3 0.9 79.8 3.9" 59.6 5.6"°
Control 200 400
Absorbance ratio/well 1.7 0.2 3.8" 0.4 4.5 0.1
Equal numbers of MC were plated on 24-well plates. Once attached
cells were incubated with vehicle (control) or LDL (200 and 400 jig/mI) in
DMEM + 1% FCS for 24 hours. At the end of the incubation, cells were
washed with PBS and lysed with 500 j.d of ELISA incubation buffer for 30
mm at 4°C. Assay of mono- and oligonucleosomes were performed by
using an ELISA kit. The plate was read at 405 nm and 490 nm on an MR
600 microplate reader to obtain an absorbance ratio.
"P < 0.00 1 compared with control
Table 3. Effect of LDL on human mesangial cell apoptosis
Control SOD
Equal numbers of mesangial cells were preloaded with [3H]thymidine
for 24 hours. Cells were washed and incubated in medium containing
either buffer, LDL (400 jig/mI), or oxidized LDL (100 jig/mI) for 6, 12 and
24 hours. At the end of the experiments cells were washed, lysed,
centrifuged and radioactivity in the supernatant and pellet was measured
separately. The percentage of DNA fragmentation was calculated. Results
(means SEM) are from three Sets of experiments carried out in triplicate.
LDL and oxidized LDL enhanced DNA fragmentation in MC.
"P < 0.001 compared with respective control
LDL + LDL + "P < 0.01 compared with respective control
LDL SOD DMTU P < 0.05 compared with respective LDL
Table 5. Effect of LDL on mono- and oligonucleosomes of mesangial
cells
LDL jig/mi
* **
20
16(I)
'1)0
o 12
0
0.00.
4
0
Effect of LDL and OX-LDL on mesangial cell apoptosis as
judged by DNA end-labeling
The effect of cycloheximide, LDL and OX-LDL on MMC
apoptosis is shown in Figure 6. Control cells did not show any
DNA fragments of lower molecular weight. Cycloheximide
treated cells showed a classic ladder pattern (integer multiples of
—180 base pairs) consistent with apoptosis. Both LDL and
_____________________________________
'— OX-LDL also induced apoptosis in MC as judged by DNA
CON OXLDL OXLDL OXLDL OXLDL end-labeling.
30 50 100 200 Effect of LDL on mRNA expression for RSG-2
The effect of LDL on mRNA expression for RSG-2 on MMC is
shown in Figure 7. Taking into account of GAPDH expression in
two groups, the LDL treated cells showed 50% increase of mRNA
expression for RSG-2.
Discussion
The present study demonstrates that native LDL at concentra-
tion of 200 xg/ml and OX-LDL at concentration of 100 xg/ml
induce MMC apoptosis. Oxidized LDL at higher concentrations
causes MC necrosis. Since MDA content of the media (superna-
tant of MC incubated with LDL) had a linear relationship with the
degree of MC apoptosis, oxidation of LDL may he playing a role
in the development of LDL-induced MC apoptosis. This was
further supported by the attenuation of LDL-induced MC apo-
ptosis after treatment with SOD. LDL treated cells also showed
enhanced mRNA expression of RSG-2, a marker for active cell
death.
MDAJmI). The effect of increasing oxidation of LDL and occur-
rence of MMC apoptosis is shown in Figure 5. Increase in
oxidation of LDL with time was judged by measuring MDA
content of the incubation media at different time periods. There
seems to be a direct relationship in MDA content and the
occurrence of mesangial cell apoptosis.
0.03 0.53 0.67 0.9
Thiobarbituric acid-reactive species (TBARS)
nrnol MDA/ml
Fig. 5. Relationsh4 between oxidation of LDL and apoptosis. Equal num-
bers of sabconfluent mesangial cells were incubated in media containing
either buffer, variable concentrations of LDL (100 to 500 sg/ml), or
oxidized LDL (100 gg/ml) fur 24 hours. At the end of the incubation
period media was collected and a TBARS assay was performed. Cells were
stained with acridine orange, fixed and the mean percentage of apoptotie
cells was counted. Results (means SEM) are from four sets of experi-
ments.
The glomerulus has a central location in the mesangium and is
only separated from the capillary lumen by a fenestrated endo-
thelial cell layer. Therefore, the mesangium is continuously per-
fused by plasma and its contents [27]. Plasma concentration of
LDL is more than to 2 mg/mI. If mesangial cells are being
bathed with this concentration of LDL in vivo, LDL should be
causing attenuation of MC proliferation. In vivo, the growth of
mesangial cells arc being influenced by growth promoting agents
such as angiotensin II (Mg II), arginine vasopressin, platelet
activating factor, platelet-derived growth factor and endothelins
as well as growth inhibitory agents such as prostaglandin E2, atrial
natriuretie peptide and LDL. As a net outcome of these factors
mesangial cells remain quiescent while in the basal state. How-
ever, in the event of a glomerular insult many more MC growth
promoting cytokines such as TGF-p, TNF-a, IL-fl and PDGF are
released tilting the balance towards MC proliferation.
Diamond and Karnovsky [28] in their elegant studies demon-
strated that supplementation of dietary cholesterol expedited the
development of focal glomeruloselerosis in the rat model of
puromyein aminonueleoside-induced nephrosis. In this model,
infiltration of maerophages in the mesangium and mesangial cell
proliferation preceded the development of focal glomeruloselero-
sis. Theoretically, on the basis of in vitro studies, the increased
concentration of LDL should have caused mesangial cell hypo-
plasia instead of hyperplasia. Latta and Fligiel [27] measured the
mean width of mesangial fenestrations to be 376 A (37.6 am) in
scanning electron microscopic studies. The size of mesangial
fenestrations may partially restrict the passage of large macromol-
ecules such as LDL (diameter 25.8 nm). However, in a state of
hyperfiltration or damaged endothelium, the size of fenestrations
may be increased and a greater amount of LDL may enter the
mesangium. Initially, the concentration of LDL may be relatively
low and may induce either no or minimal stimulus to MC and in
cases of increased LDL supplementation it may further optimize
MC proliferation. LDL, being a large macromoleeule may not
only have difficulty in entering the mesangium, but once entered
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Fig. 6. Effect of LDL and OX-LDL on MC apoptosis (end-labeling). MC
were grown to subeonfluence in Petri dishes and ineuhased in media
(DMEM + 1% FCS) containing either buffer (control), LDL (20t1 pg/mI),
or OX-LDL (100 sgJml) for 24 hours. In addition, subeonfluent MCs in a
Petri dish were treated with cycloheximide (50 jsM) for three hours
(positive control). At the end of the incubation period, cells were prepared
for end-labeling. Lane A. Control. Lane B. cyctoheximide treated cells.
Lane C. LDL treated cells. Lane D. OX-LDL treated cells. Lane F.
Marker.
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Fig. 7. Non/tern blot analysis for mRNA levels for RSG-2. Semieonfluent
mesangial cells were incubated in medium (DMEM + 1% FCS) contain-
ing either buffer (control, C) or LDL (200 jig/mI) for 48 hours. The upper
panel shows mRNA levels of RSG-2 in control and LDL treated cells. The
lower panel shows levels of GAPDH in each sample.
may also have difficulty exiting the mesangium. This may lead to
a gradual build up of LDL concentration in the mesangium. In
addition, in due course of time, the accumulated LDL may also be
undergoing mesangial cell-induced oxidation. In the natural
I
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course of glomeruloscierosis either an enhanced accumulation of
LDL or time dependent mesangial cell-induced oxidation of LDL
in the mesangium may be responsible for the induction of
mesangial cell apoptosis, thus converting a hypercellular mesan-
gium to a hypocellular one.
We conclude that LDL and oxidized LDL induce MC apoptosis
and thus have the potential to convert a hypercellular mesangium
to a hypocellular one.
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